The spin-dependent static force between fermionic D0-branes is computed. Some potential difficulties in reproducing this result in Matrix theory are pointed out.
Introduction
It is generally stated that there is a vanishing static force between D0-branes in type IIA string theory [1] . This arises due to a cancelation between graviton exchange, dilaton exchange, and exchange of the Ramond-Ramond (RR) one-form potential. The leading long-distance forces due to the exchange of these massless modes are universal in that they depend only on the mass and charge of the D0-brane but not on its spin. More precisely, D0-branes fall into a 256-dimensional short representation of the N = (1, 1) supersymmetry algebra in D = 10 and consist of states transforming as 128 ⊕ 84 ⊕ 44 under the SO(9) rotation group. These can be viewed as the Kaluza-Klein momentum modes of the RaritaSchwinger (ψ M ), third rank antisymmetric tensor (A M NP ), and graviton (g M N ) states of D = 11 supergravity when compactified on S 1 . The universal forces are independent of the SO(9) representation of the D0-branes. Here we show that there is in addition a spin-dependent static force between fermionic D0-branes, that is D0-branes in the 128 of
SO(9).
The origin of this force can be understood heuristically as follows. Upon reduction to D = 10 the massless bosonic states of D = 11 supergravity give rise to the bosonic fields g µν , φ, C 1 and C 3 of IIA supergravity with C 1 and C 3 the RR one-form and threeform potentials. Bosonic D0-branes couple only to the first three of these fields and their exchange leads to a vanishing static force at large distances. The fermionic D0-branes have in addition couplings to the field strength F 4 = dC 3 of the RR three-form potential.
These couplings can be deduced by Kaluza-Klein reduction from the couplings of D = 11 supergravity
This coupling to F 4 is roughly similar to a magnetic-dipole coupling in QED and leads to an additional spin-dependent static force.
Computation of the Static Force
There are a number of ways to compute this force. On method is to simply calculate the long range force due to massless field exchange from the tree-level t-channel diagrams of the Kaluza-Klein reduction of D = 11 supergravity. Alternatively it should follow from generalizing the computation in [1] to include the effects of fermionic boundary states.
Here we will take a more indirect approach using duality. This avoids the need for dealing with the subtleties of fermion boundary states. In the final section some comments are made on the possible origin of this force in the quantum mechanics of D0-branes [2, 3, 4] .
We first compactify the IIA theory on a circle of radius R with coordinate x 9 . A Tduality transformation along the x 9 direction turns the D0-brane into a D1-brane wrapped on the S 1 in IIB theory. An S-duality transformation then turns this into a fundamental IIB string. Thus the static force between fermionic D0-branes can be computed using duality by computing the static force between fermionic states of fundamental IIB strings wrapped on S 1 .
Kinematics
For IIB string on
Schwarz formalism) and hence mn = 0 with m the momentum and n the winding on S 1 .
We consider m = 0 and n = 1 and a state which is in a fermionic right-moving ground state and a bosonic left-moving ground state, labelled by a spinor u and a polarization vector ζ respectively. We now compute a four-point function for the scattering of four such states. The four states are labelled by their spinor and polarization state u i , ζ i , i = 1..4
and by their ten-dimensional right-and left-moving momenta
Here the hatted quantities are nine-dimensional momenta which in the center of mass frame are given byp
We also define nine-dimensional Mandelstam invariantŝ
We will take the spinors and polarization vectors for particles one and four and for particle two and three to be equal in their rest frame and unit normalized. In the center of mass frame this implies for example that to first non-trivial order in velocitŷ
with q = M ( v + w) the three-momentum transfer.
Four point string amplitude
The 
where K vect (1, 2, 3, 4) is a complicated kinematical factor.
In the non-relativistic limit,t,û andŝ − 4M 2 are all of order v 2 . To lowest order in velocity the spinor dependence is trivial with for example
with χ 1 the rest frame spinor. Expanding out the Gamma functions and spinors in the non-relativistic limit then gives
Finally, we need to analyze K vect in the non-relativistic limit with the above kinematics. To study the long-range force we only need to extract thet channel pole in A. This comes from taking the first term involving spinors in (2.11) and the term in K which is proportional toû:
Choosing the polarization vectors as described above and substituting into (2.12) then
gives to lowest order in velocities
The first two terms in (2.13) are independent of the relative polarization of the two D0-branes. They can be decomposed into a contact term and generalized spin-orbit couplings.
The final term in (2.13) when combined with the other factors then gives rise to a longrange spin dependent potential in 8 + 1 dimensions of the form
This is roughly analogous to a dipole-dipole interaction in 3 + 1 dimensions. In 9 + 1 dimensions the 1/r 6 factor will become 1/r 7 and taking two derivatives then gives a 1/r 9 long-range spin-dependent static force between fermionic D0-branes.
Matrix Muddle
The proposed Matrix model of M-theory [7] is able to reproduce the long range v 4 /r 7 interaction betweeen moving bosonic D0-branes [4] . This is quite remarkable, as this effect arises in the Matrix model by truncating the open strings connecting D0-branes to the lightest mode while in supergravity it would be described by the exchange of massless closed string states. It is thus of some interest to see whether the long range spin-dependent force arises in a similar fashion. If we rescale variables so that the matrix model action takes the schematic form (with φ the boson fields, ψ the fermion fields and ∂ denoting time derivative)
then we can do dimensional analysis by assigning the following dimensions to the fields, couplings, and derivatives:
The loop expansion for the effective action then has the form
Terms in the tree level Lagrangian then have dimension -4 while those in the one-loop In any case dimensional analysis seems to indicate that this force does not come about from the naive loop expansion which is analytic in g. We know of course that in theories with flat directions there can be effects which are not analytic inh and in D0-brane quantum mechanics it is known that the spectrum of excited states depends on the scale g 1/3 [2, 3] . However it is not clear precisely how such effects come into play, nor why there should be a breakdown of the loop expansion particularly in the study of long range interactions. Possibly this is connected to IR divergences in the quantum mechanics coming from the massless flucutations. In some situations it seems these can be ignored or set to zero using dimensional regularization [8] , but perhaps they are not always so innocent.
